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Ultraviolet B (UVB) irradiation induces apoptosis of
keratinocytes, where p53 has been suggested to play
an important role. Recently we have shown that
UVB irradiation induces apoptosis of SV40-trans-
formed human keratinocytes (SVHK cells). Because
p53 function is impaired in SVHK cells by large T
antigen, a UVB-induced p53-independent apoptotic
pathway was suggested. We investigated the UVB-
induced apoptotic pathway using various keratino-
cytes. Cultured mouse keratinocytes of homozygous
p53 de®cient mice (p53(±/±)) were markedly resistant
to UVB-induced apoptosis compared with keratino-
cytes from wild or heterozygous p53 de®cient mice
(p53(±/+)). Twenty per cent of keratinocytes derived
from p53 (±/±) mice, however, induced apoptosis
following UVB irradiation. Analysis using caspase
inhibitors disclosed activation of caspase 8 and 3 in
UVB-irradiated SVHK cells. Keratinocytes derived
from MRL/lpr mice, which have mutated Fas anti-
gen, showed diminished UVB-induced apoptosis
suggesting that Fas antigen is signi®cantly involved
in UVB-induced apoptosis. Immunohistochemical
analysis revealed that UVB irradiation induces aggre-
gation of Fas antigen showing a dense dot-like stain-
ing, which was also observed in SVHK cells treated
with agonistic anti-Fas antibody, CH11. Pre-
treatment of antagonistic anti-Fas antibody, ZB4,
inhibited CH11-induced but not UVB-induced
multimerization of Fas antigen. Furthemore, UVB
irradiation did not affect the basal expression of Fas
ligand mRNA, protein and soluble Fas ligand. These
results indicate that UVB irradiation induces multi-
merization of Fas antigen that results in apoptosis
without the Fas ligand. Key words: apoptosis/Fas
antigen/keratinocytes/UVB. Journal of Investigative
Dermatology Symposium Proceedings 6:64±68, 2001
U
ltraviolet B (UVB) irradiation produces ``sunburn
cells'' in the epidermis (Olson et al, 1974). The
sunburn cells are keratinocytes showing eosinophilic
cytoplasm with or without remnants of shrunken
and condensed nuclei in hematoxylin and eosin
staining. Biochemical analyses revealed that UVB-irradiated
keratinocytes show DNA fragmentation accompanied with se-
quential caspase activation (Takahashi et al, 1999). At present,
sunburn cells are regarded as a speci®c type of apoptosis, which is
triggered by DNA damage.
Fas/APO-1 (CD95) antigen belongs to a tumor necrosis factor
(TNF)/nerve growth factor (NGF) receptor family (Itoh et al,
1991; Oehm et al, 1992; Watanabe-Fukunaga et al, 1992a). Fas
antigen is marginally expressed in basal keratinocytes or in cultured
human keratinocytes (Sayama et al, 1994). Upon activation, Fas
antigen is trimerized, transducing a signal to Fas-associating protein
with death domain (FADD) (Boldin et al, 1995; Chinnaiyan et al,
1995). FADD then induces caspase cascade activation, ®rstly
caspase 8 followed by caspase 3 (Boldin et al, 1996; Chinnaiyan et al,
1996). The active caspase 3 stimulates caspase 3-activated DNase
(CAD) by proteolytic elimination of inhibitor of CAD (ICAD)
(Enari et al, 1998; Sakahira et al, 1998).
It is well known that UVB irradiation induces protooncogene
product, p53 protein, in normal skin (Campbell et al, 1993; Hall et
al, 1993; Kawagishi et al, 1998). It has been suggested that the
induced p53 is closely related to UVB-induced apoptosis (Ziegler et
al, 1994). A recent study, however, indicates that UVB irradiation
induces apoptosis in SVHK and HaCaT cells, in which p53
function is impaired (Aragane et al, 1998; Takahashi et al, 1999).
These results suggest the p53-independent apoptotic pathway by
UVB irradiation in keratinocytes. In this study, using SVHK cells,
we investigated the UVB-induced apoptotic pathway especially in
terms of Fas antigen.
MATERIALS AND METHODS
Animals Male and female homo- (p53(±/±)), heterozygote p53
(p53(+/±)) de®cient mice, and C57BL/6 mice were purchased from
Taconic (Germantown, NY) (Donehower et al, 1992). MRL/lpr mice,
which have defective Fas antigen, were purchased from Shizuoka
Laboratory Center (Shizuoka, Japan). They are used at new born or
7 wk of age.
Cell culture Primary epidermal keratinocytes were prepared from
newborn homo- or heterozygote p53-de®cient mice according to the
methods of Yuspa and Harris (1974). The cells were cultured in
keratinocyte growth medium (KGM) containing epidermal growth factor
(10 ng per ml), insulin (5 mg per ml), and bovine pituitary extract (50 mg
per ml) at 37°C in 5% CO2 atmosphere. SV40-transformed human
keratinocytes (SVHK cells) were a generous gift from Dr. M.L. Steinberg
(Department of Chemistry, City College, City University of New York)
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(Steinberg and Defendi, 1983). Cells were cultured in Dulbecco's
modi®ed Eagle's medium supplemented with 5% fetal calf serum, 100 U
penicillin per ml, and 100 mg streptomycin per ml at 37°C in 5% CO2
in air. The SVHK and NMK cells were maintained at subcon¯uent state
by subculturing every 4±5 d. Cells were seeded into 60 mm diameter
plastic dishes at concentrations of 4 3 105 cells per 5 ml.
UVB irradiation and cell death assay NMK cells were seeded at
1 3 104 cells per well in 96-well microtiter plates and preincubated with
or without caspase 3 inhibitor (Z-Asp-Glu-Val-Asp-CH2F) or caspase 8
inhibitor (Z-Ile-Glu-Thr-Asp-CH2F). Cultured cells were washed twice
with phosphate-buffered saline (PBS, pH 7.5) to remove phenol red, a
photosensitizer, present in the Eagle's medium. UVB irradiation source
was a Toshiba-Eizai Dermaray instrument (DMR-1, Tokyo, Japan)
equipped with ®ve ¯uorescent lamps (FL-20-SE-30, Toshiba, Japan).
The UVB source emits an energy spectrum with high ¯uence in the
UVB region (290±320 nm) and a peak at 313 nm. To block UVC
emission a WG-295 long pass ®lter was used (Schott Glass Technology,
Duryea, PA). The emitted dose was regularly quantitated by a UVB
radiometer photodetector (IL443 and SEE 240, International Light,
Newburyport, MA). After irradiation, the cells were cultured and cell
death assay was performed as previously described (Takahashi et al,
1999). Cells were stained for 20 min at room temperature with 0.75%
crystal violet in 50% ethanol, 0.25% NaCl, and 1.75% formaldehyde, and
were washed three times with PBS. During the washing process, dead
cells were removed leaving viable cells in the well. Dye uptake was
quanti®ed by measuring optical density (OD) at 540 nm using an
automated Micro-ELISA autoreader. The ratio of viable cells was
expressed as a percentage of the OD value obtained without UVB
treatment.
Caspase activity assay One 3 106 cells were lyzed in a lysis buffer
containing 25 mM HEPES (pH 7.4), 5 mM EDTA, 2 mM DTT,
10 mM digitonin. The lysates were clari®ed by centrifugation and
supernatants were used for enzyme assays. Caspase 3 substrate (Z-Asp-
Glu-Val-Asp-AFC) and caspase 8 substrate (Z-Ile-Glu-Thr-Asp-AFC)
were purchased from Kamiya Biomedical (Seattle, WA). The caspase
assay was carried out using ¯uorogenic substrates, according to the
protocol provided by the manufacturer (Kamiya Biomedical). The
reaction mixtures were incubated at 30°C for 1 h, and ¯uorescence was
measured by a ¯uorometer with an excitation of 400 nm and an
emission of 505 nm.
RNA extraction and reverse transcription (RT) Total RNA was
extracted from the SVHK cells and transcribed into cDNA as previously
described (Takahashi et al, 1996). cDNA was synthesized from 3 mg of
total RNA in a 30 ml reaction mixture using random primer as primer.
Real-time polymerase chain reaction (PCR) Real-time PCR was
performed according to the protocol of LightCycler-DNA Master
SYBER Green 1 kit (Roche Diagnostics K.K., Mannheim, Germany).
The ampli®cation of human Fas ligand was performed using the speci®c
oligonucleotides (5¢-CACTTTGGGATTCTTTCCAT-3¢, 5¢-GTG-
AGTTGAGGAGCTACAGA-3¢) (Mita et al, 1994). The ampli®cation of
b-actin as a housekeeping gene standard was performed as previously
described (Takahashi et al, 1996). DNA was ampli®ed for 40 cycles on a
LightCycler (Roche Diagnostics K.K.) at 95°C for 5 s, 65°C for 5 s, and
72°C for 5 s.
Western blot analysis Membrane protein was extracted with cell
lysis buffer (50 mM Tris-HCl, pH 7.4; 1% NP-40; 0.25% sodium
deoxycholate; 150 mM NaCl; 1 mM EGTA; 1 mM phenylmethyl-
sulfonyl ¯uoride; 1 mg per ml each of aprotinin, leupeptin, and
pepstatin; 1 mM sodium vanadate; 1 mM NaF) and was electrophoresed
on a 12.5% SDS-PAGE gel and electroblotted onto nitrocellulose for 1 h
in a buffer containing 25 mM Tris-HCl (pH 8.3), 192 mM glycine, and
20% methanol. The blots were blocked with 5% skim milk in Tris-
buffered saline (TBS, pH 7.6) for 1 h at room temperature, and then
incubated at 4°C overnight with anti-Fas antibody (ZB4) (MBL,
Nagoya, Japan) that had been diluted 1000-fold in TBS. After washing at
room temperature with 0.1% Tween-20 in TBS, a blotting detection kit
for mouse antibody (Amersham International, Amersham, U.K.) was
used for immunodetection.
Immunostaining SVHK cells were cultured on tissue culture
chambers (Chamber Slide; Nunc, Naperville, IL) in the absence of fetal
calf serum for 24 h. Cells were exposed to UVB (600 J per m2) and
were ®xed with 4% paraformaldehyde. Then the cells were washed with
PBS and incubated with anti-Fas antibody (ZB4) (dilution 1:100) for 2 h
at room temperature. The cells were reacted with Texas Red-conjugated
sheep anti-mouse immunogloblin antibody (Dako, Tokyo, Japan) for 1 h
at room temperature. After staining with DAPI, the cells were analyzed
with a charge-coupled device (CCD) camera.
Assay of soluble form of human Fas ligand The cultured medium
of 300 J per m2 UVB-irradiated SVHK cells (1 3 105) was harvested at
the indicated time. Assay of human Fas ligand was performed according
to the protocol equipped with sFas ligand ELISA kit, which was kindly
supplied from Mochida Pharmaceutical (Tokyo, Japan).
Figure 2. Effects of UVB irradiation on p53
knockout and MRL/lpr mice epidermis. The
epidermis of wild-type, homozygous, heterozy-
gous p53 de®cient mice, and MRL/lpr mice,
were irradiated by UVB (1250 J per m2). After
24 h, mice were sacri®ced, the skin was resected
and hematoxylin and eosin staining was
performed. p53(+/+), p53(±/±), p53(±/+), and
MRL/lpr indicate wild-type, homozygous,
heterozygous p53 de®cient mice, and MRL/lpr
mice, respectively. Arrows indicated apoptotic
keratinocytes. Scale bar: 50 mm.
Figure 1. Effects of UVB irradiation on cultured keratinocytes
from p53-knockout and MRL/lpr mice. The cultured keratinocytes
(1 3 106) derived from wild-type, homozygous, and heterozygote p53
de®cient mice and MRL/lpr mice were irradiated by UVB (600 mJ per
m2). The keratinocytes were then cultured for 24 h and viable cells were
counted. p53(+/+), p53(±/±), p53(±/+), MRL/lpr indicate wild-type,
homozygous, heterozygous p53 de®cient mice, and MRL/lpr mice,
respectively. Data are expressed as a percentage of viable cells + SD
(n = 4). *p < 0.05 compared with wild-type (p53(+/+)) mice. **p
< 0.01 compared with wild-type (p53(+/+)) mice.
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Statistics Statistical signi®cance of the data obtained was evaluated by
Student's t test using an unpaired analysis.
Materials Dulbecco's modi®ed Eagle's medium and DMCB153
medium were purchased from Gibco (Grand Island, NY). Penicillin and
streptomycin were obtained from M.A. Bioproducts (Walkersville, MD).
Agonistic anti-Fas antibody (CH11) was purchased from MBL (Nagoya,
Japan). All other chemicals were purchased from Nakarai Chemicals
(Kyoto, Japan).
RESULTS AND DISCUSSION
UVB irradiation induces apoptosis in p53-knockout mice
skin SVHK cells express SV40 virus-derived large T antigen,
which interferes p53 function (Lane and Crawfold, 1979).
Previously we showed that UVB induces apoptosis in SVHK
cells (Takahashi et al, 1999). Aragane et al (1998) also showed UVB-
induced apoptosis using HaCaT cells, another p53-de®cient
keratinocyte. To con®rm the p53-independent apoptotic
pathway, p53-knockout mice skin was analyzed. Cultured mouse
keratinocytes from homozygous p53 de®cient mice (p53(±/±))
were markedly resistant to UVB-induced apoptosis compared with
keratinocytes from wild or heterozygote p53 de®cient mice
(p53(±/+)). Despite the resistance to UVB, 20% of keratinocytes
from the p53(±/±) mice still showed apoptosis following UVB
irradiation (Fig 1). Morphologically the nuclei of UVB-induced
cell death showed a typical apoptotic feature, i.e., distictive round,
homogenous fragmented beads (Takahashi et al, 1997). The
induction of apoptosis was also observed in vivo in p53(±/±) mice
following UVB irradiation to a lesser extent compared with wild
mice (Fig 2). These results indicate that p53 is signi®cantly
involved in UVB-induced apoptosis in keratinocytes, as was
suggested by several investigators (Ziegler et al, 1994; Tron et al,
1998). Furthermore, a slight but signi®cant induction of apoptosis
by UVB in p53(±/±) cells suggested a p53-independent apoptotic
pathway in keratinocytes.
Caspase activation is involved in UVB-induced
apoptosis The role of caspases in the apoptotic process has
been well established (Kumar, 1995; Thornberry and Lazebnik,
1998). UVB irradiation increased caspase 3, 8 activities at 3 h and
the maximal effect was detected at 6 h (Fig 3). Signi®cant UVB-
induced apoptosis was observed at 6 h and the maximal induction
was detected at 24 h (Fig 4). Inhibitors of caspase 3 or 8
signi®cantly suppressed the UVB-induced cell death (Fig 5),
suggesting that UVB-induced cell death involves caspase
activation. The addition of both caspase 8 and 3 inhibitors did
not show an additive or synergistic protective effect against
apoptosis. This is consistent with sequential activation of caspase
8 and 3 in UVB-irradiated SVHK cells (Takahashi et al, 1999).
Caspase 8 is located in the upstream of caspase 3 following Fas
antigen stimulation (Boldin et al, 1995; Chinnaiyan et al, 1995).
Once caspase 3 is activated, caspase 3-activated DNase (CAD),
produced by proteolytic cleavage of inhibitor of CAD (ICAD),
induces DNA fragmentation (Enari et al, 1998; Sakahira et al, 1998).
Fas antigen is involved in UVB-induced apoptosis MRL/
lpr mice show mutated Fas antigen (Watanabe-Fukunaga et al,
1992b; Wu et al, 1993). Cultured keratinocytes derived from
MRL/lpr mice showed signi®cantly less apoptosis compared with
control mice following UVB irradiation (Fig 1). The effect was
also observed in MRL/lpr mouse skin in vivo (Fig 2), suggesting
that Fas antigen plays an important role on UVB-induced
apoptosis. To the best our knowlege, this is the ®rst evidence for
the demonstration of the role of Fas antigen in UVB-induced
apoptosis in vivo.
Figure 3. Effects of UVB irradiation on caspase 3 and 8 activities.
SVHK cells (1 3 106) were irradiated by UVB (600 J per m2). Then
SVHK cells of caspase activities of indicated time were measured. Open
and closed circles indicate the activities of caspase 8 and caspase 3,
respectively. Data are the means + SD (all n = 4 dishes). *p < 0.05
compared with control SVHK cells. **p < 0.01 compared with control
SVHK cells.
Figure 4. Induction of apoptosis following UVB irradiation.
SVHK cells were irradiated by 600 J per m2 UVB. SVHK cells were
then cultured for the indicated time and viable cells were counted. Data
are the means + SD (all n = 4 dishes). *p < 0.01 compared with control
SVHK cells.
Figure 5. Effects of caspase 3 and 8 inhibitors on UVB-induced
apoptosis. SVHK cells (1 3 106) were pretreated with caspase 3 or 8
inhibitor (10 mM) for 1 h. Following the preincubation, cells were
irradiated with UVB (600 J per m2). Then SVHK cells were cultured for
24 h and viable cells were counted. Data are the means + SD (all n = 4
dishes). *p < 0.01 compared with control SVHK cells.
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Multimerization of Fas antigen is induced by UVB
irradiation in SVHK cells Upon activation, Fas antigen is
trimerized transducing death signal to FADD (Boldin et al, 1995;
Chinnaiyan et al, 1995). Using immunoprecipitation assay
(Rehemtulla et al, 1997), we showed UVB-induced
multimerization of Fas antigen in SVHK cells (Takahashi et al,
1999). In order to con®rm the multimerization of Fas antigen,
immunohistochemical analysis was performed. Untreated SVHK
cells showed a weak, diffuse staining of Fas antigen (Fig 6A).
Stimulation of SVHK cells by agonistic anti-Fas antibody, CH11,
induced a rapid aggregation of Fas antigen. SVHK cells showed a
dense dot-like staining of Fas antigen (Fig 6B). UVB irradiation
also induced a similar staining pattern of Fas antigen (Fig 6C). The
dense dot-like staining pattern was detected within 1 h and was
observed up to 6 h (data not shown). The staining pattern was
gradually faded and returned to the level of untreated SVHK cells
by 12 h (data not shown). These results are compatible with those
of a previous report (Aragane et al, 1998) and strongly suggest that
UVB irradiation induces Fas signal by Fas antigen multimerization.
In UVB-irradiated keratinocytes from MRL/lpr mice, a dense dot-
like staining pattern was observed (data not shown).
UVB irradiation directly activates Fas antigen Previously
we reported that neutralizing anti-Fas antibody, ZB4, did not
suppress UVB-induced apoptosis in SVHK cells (Takahashi et al,
1999). Whereas ZB4-pretreatment suppressed multimerization of
Fas antigen induced by agonistic anti-Fas antibody, CH11
(Fig 6D), this was not observed in UVB-treated SVHK cells
(Fig 6E). It is known that keratinocytes constitutively express
membranous Fas ligand (Lee et al, 1998). Various
metalloproteinases cleave the membrane-bound Fas ligand
producing soluble Fas ligand, which also activates Fas antigen
(Tanaka et al, 1995). Leverkus et al showed that UVB irradiation
induces apoptosis of cultured human keratinocytes due to Fas
antigen±Fas ligand interaction (Leverkus et al, 1997). Quantitative
RT-PCR assay and western blot analysis, however, disclosed that
UVB irradiation did not affect expression of Fas ligand mRNA or
protein (Fig 7A, data not shown). No increase in soluble Fas ligand
in culture medium was observed in UVB-irradiated SVHK cells,
either (Fig 7B). These results indicate that UVB irradiation
stimulates multimerization of Fas antigen without Fas ligand
induction in SVHK cells.
A recent study indicates that the induction of UVB-induced
apoptosis in basal keratinocytes is similar between p53-knockout
and wild-type mice (Tron et al, 1998). Although p53(±/±) mouse
skin showed resistance against UVB-induced apoptosis, slight but
signi®cant induction of apoptosis was observed exclusively in the
basal cell layer (Fig 2). Sayama et al have shown that Fas antigen is
exclusively expressed in basal keratinocytes (Sayama et al, 1994). In
this study, we have shown an alternative apoptotic pathway, i.e.,
direct activation of Fas antigen by UVB irradiation in keratinocytes.
The results are consistent with the view that Fas antigen on
keratinocytes shows a signi®cant role on the apoptotic pathway
even in the absence of agonistic Fas ligand following physical stress,
which include UVB irradiation.
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